Peak isometric tensions in C, MALK, and RALK were similar: 3,367 t 107, 3,317 t 110, and 3,404 t 69 g, respectively. The rate of tension decay was also unaffected by alkalosis and represented 78 and 55% of the peak tension following 2 and 5 min of stimulation, respectively. Muscle O2 uptake, glycogen utilization, and total lactate (La-) production were similar following 5 min of stimulation in all conditions. However, alkalosis resulted in an enhanced La-release from working muscle (peak La-release: C, 15.5 * 1.1; MALK, 19.7 $-1.6; RALK, 18.3 t 2.2 pmol/min), and a 15-20% reduction in intramuscular La-accumulation. Alkalosis had no effect on muscle creatine phosphate and ATP concentrations.
Integrative Comp. Physiol. 20): R833R839, 1986 .-This study examined the effects of extracellular alkalosis on the metabolism and performance of perfused rat hindlimb muscles during electrical stimulation. Three acid-base conditions were used: control (C, normal acidbase state), metabolic alkalosis (MALK, increased bicarbonate concentration), and respiratory alkalosis (RALK, decreased Pco~). A one-pass system was used to perfuse the hindlimb via the femoral artery for 20 min at rest and during 5 min of tetanic stimulation via the sciatic nerve. The isometric tension generated by the gastrocnemius-plantaris-soleus muscle group was recorded. Arterial and venous perfusates were periodically sampled for substrate and metabolite measurements, and muscle samples were taken pre-and postperfusion.
Peak isometric tensions in C, MALK, and RALK were similar: 3,367 t 107, 3,317 t 110, and 3,404 t 69 g, respectively. The rate of tension decay was also unaffected by alkalosis and represented 78 and 55% of the peak tension following 2 and 5 min of stimulation, respectively. Muscle O2 uptake, glycogen utilization, and total lactate (La-) production were similar following 5 min of stimulation in all conditions. However, alkalosis resulted in an enhanced La-release from working muscle (peak La-release: C, 15.5 * 1.1; MALK, 19.7 $-1.6; RALK, 18.3 t 2.2 pmol/min), and a 15-20% reduction in intramuscular La-accumulation. Alkalosis had no effect on muscle creatine phosphate and ATP concentrations.
Thus, in the perfused rat hindlimb, alkalosis was not associated with changes in tetanic force or glycolysis, but La-release from the working muscle was enhanced by increased extracellular pH and bicarbonate. respiratory and metabolic alkalosis; glycogenolysis; lactate release; isometric tension; adenosine 5'-triphosphate; creatine phosphate; oxygen uptake; muscle fatigue DURING HIGH-INTENSITY EXERCISE, glycolysis contributes significantly to the total energy production of the working muscles. The intramuscular accumulation of lactate (La-) and hydrogen ions (H+) associated with this type of exercise has been implicated as a cause of muscular fatigue (10, 20) . In support of this theory it has been shown that artificially induced acidosis is associated with an increased rate of decline of initial tension, a decreased rate of glycolysis, and a lower rate of Larelease in rat muscle preparations (20) and exercising humans (11, 23) . Conversely, metabolic alkalosis induced by ingestion of sodium bicarbonate (NaHC03) delays the onset of fatigue and enhances the rate of La-appearance in the plasma during high-intensity cycling lasting 4-6 min (11, 23). The increased endurance appeared to be associated with the maintenance of glycolysis and increased La-and H+ release from the working muscles, secondary to increases in the bicarbonate (HCO;) concentration in body fluids. Recent studies examining the effect of alkalosis on muscular performance have suggested that this may also be true during short-term intense exercise in humans (18, 25) .
In the present study an isolated perfused rat hindlimb preparation (19) was used to examine the effects of induced alkalosis on skeletal muscle metabolism and performance. The model served as a closed metabolic system, enabling precise measurements to be made of the energy sources utilized and the metabolites produced by the working muscle during tetanic stimulation. Isometric force production by the gastrocnemius-plantarissoleus (GPS) muscle group was also measured.
The aims of the present study were, first, to examine the effects of extramuscular alkalosis on the isometric tension development of rat skeletal muscle; second, to assess the relative contributions of the major energy sources to force production during alkalosis and control conditions; and third, to compare the effects of respiratory (reduced extramuscular Pco~) and metabolic (increased extramuscular [HCO;]) alkalosis on the rate of La-release from working muscle.
METHODS
Animals. Male Sprague-Dawley rats weighing 405 t 6 g fn = 50) were used. The animals were fed Purina laboratory chow ad libitum and housed in a controlled environment with 12 h of day and night. Six groups of experiments were conducted to establish both base-line and exercise parameters: control acid-base status (C) resting (n = 7); C exercise (5 min-stimulation; n = 11); metabolic alkalosis (MALK) resting (n = 6); MALK exercise (n = 12); respiratory alkalosis (RALK) resting (n = 5); and RALK exercise (n = 9).
Hindquarter surgery. Rats were anesthetized with pentobarbital sodium (6 mg/lOO g body wt ip). Preperfusion muscle samples were obtained from the right hindlimb. The left hindlimb was carefully skinned, and the lower trunk of the sciatic nerve severed and connected to a shielded bipolar platinum electrode using a rubber collar. The left knee and foot were secured to support brackets R834 and the GPS tendon attached to a force transducer (Statham no. 10713). The femoral vessels were exposed above the knee and the femoral artery and vein cannulated with 22-and l&gauge catheters (Deseret Medical), respectively. The arterial catheter was inserted as far as possible toward the popliteal space to restrict perfusion to the lower limb, and the lower limb vasculature was flushed with 1.0 ml of sterile heparinized (100 U/ml) 0.9% saline. The rat was killed by intracardiac injection of pentobarbital sodium (20 mg) and moved to a heated (37°C) chamber where perfusion immediately began. Total time required for surgery was 20-25 min.
Perfusion medium. The perfusion medium consisted of a Krebs-Henseleit buffer with fresh bovine erythrocytes (19) to give a hemoglobin concentration ([Hb]) of 13.2 t 0.1 g/dl (hematocrit, 37.7 t 0.2%). The perfusate contained NaHC03; 4 g/d1 dialyzed bovine serum albumin; 5.6 mmol glucose; 0.14 mmol free fatty acids, bound to albumin; and 2.5 mmol calcium chloride. During C experiments the perfusate was equilibrated to humidified gases to produce the blood-gas and acid-base status shown in Table 1 . MALK was produced by increasing perfusate [HCO,] (addition of NaHC03) while maintaining PCO~ constant, and RALK was produced by decreasing PCO~ while keeping [HCO,] constant. The La-production rates in the perfusate erythrocytes were similar in all three conditions, -0.5 mmol*l-l l h-l.
The perfusion apparatus (19) consisted of a one-pass perfusion system. A physiological force transducer (Statham-Gould no. 48703) coupled to a chart recorder (Hewlett-Packard no. 8805B) was used to continuously monitor arterial perfusion pressure. The perfusate flow rates employed (see below) were those at which tissue O2 uptake was independent of flow rate.
Sampling of perfused skeletal muscle. Muscle samples were taken from the GPS muscle group. The entire soleus (SOL) and plantaris (PL) muscles were sequentially removed and immediately frozen in large metal tongs precooled in liquid Nz. The SOL consists mainly of slowtwitch oxidative (SO) fibers and a small proportion of fast-twitch oxidative-glycolytic (FOG) fibers (1). The PL contains -9% SO, 41% fast-twitch glycolytic (FG), and 50% FOG fibers, and best represents the fiber profile of the entire hindlimb musculature (1). Additionally, a sample of the superficial white gastrocnemius (WG), containing a large proportion of FG fibers (l), was removed and frozen. During sampling of muscle tissue, flow and stimulation rates remained constant until sampling was complete (90-120 s). Values are means t SE. * Significantly different from control; t Significantly different from metabolic alkalosis. Pao, and Pacog, arterial O2 and CO, partial pressures, respectively.
Perfusion and stimulation protocol. Rest perfusion at a flow rate of 2.0 t 0.1 ml/min began within 3 min of the onset of limb ischemia. Venous perfusate was periodically collected during the 200min rest period and blood acidbase and gases monitored. At the end of 20 min, muscle samples were taken in the case of "resting" animals or, for "exercise" animals, the perfusate flow rate was increased to 7-8 ml/min and the sciatic nerve stimulated for 5 min to produce hindlimb contraction. The muscles innervated by the sciatic nerve were stimulated to contract with lOO-ms trains (100 Hz) at a supramaximal5-V intensity and a 0.5-Hz frequency (Grass Instruments S48). Trains consisted of 10 separate impulses in 100 ms, each 0.2 ms in duration. The isometric tetanic tension developed by the working GPS muscle group was continuously recorded on the chart recorder. Immediately following the stimulation period, muscle samples were taken from the working hindlimb.
Analytical methods. Electrodes were used to measure Po2, Pco~, and pH (Radiometer BMS 3); the 02 saturation of Hb and [Hb] were measured with a hemoximeter (Radiometer OSM 2). Total O2 contents of arterial and venous perfusates were calculated from measured values for [Hb] , percent O2 saturation, and Po2. Hindlimb O2 uptake was determined using the Fick principle. Perfusate samples were analyzed for glucose and La-concentrations using enzymatic fluorometric techniques (3). The rates of glucose uptake and La-release from the muscles were calculated as the product of flow rate and the arterial-venous concentration differences. Extracts of muscle samples were analyzed for La-, creatine phosphate (CP), ATP, and glycogen, using standard enzymatic techniques (3).
Statistics. Reported values are means t SE. Paired t tests were used to compare measurements made on muscle biopsies taken before (right leg) and after 20-min rest perfusion (left leg) in each of the three acid-base conditions. The differences between preperfusion and post-5-min stimulation were calculated, and the effects of each acid-base condition on measured muscle variables were assessed by one-way analysis of variance. The student Newman-Keuls test was used to compare means when a significant F ratio was obtained. Statistical significance was accepted at P c 0.05.
RESULTS
The mass of perfused hindlimb muscle was determined on a separate group of 12 rats (300-450 g). Dye perfusion (0.1 g toluidine blue in 1.0 liter 0.9% saline) indicated that the average mass of perfused muscle was 1.6 t 0.1 g/100 g body wt. Stimulated muscle mass via the sciatic nerve was similarly assessed to be 1.35 t 0.04 g/100 g body wt. Thus the perfused muscle mass for the 50 rats used in the experiments was 6.50 t 0.25 g, of which 5.35 + 0.13 g (or 82.3%) was stimulated.
-Arterial perfusate gases and acid-base state for each condition are listed in Table 1 . Arterial perfusion pressures at resting flow rates were similar (80-130 Torr) in the three conditions. During stimulation at flow rates of 7.5 ml/min the arterial perfusion pressures increased to 129 t 16,139 t 15, and 189 t 25 Torr during C, MALK, and RALK conditions, respectively.
The peak isometric tension generated by the GPS muscle group during C was 3,367 t 107 g (Fig. 1) . Tension decreased to 78.5 and 54.9% of peak tension after 2 and 5 min of stimulation. Tensions developed during MALK and RALK were not significantly different from C ( Fig.  1) -0, uptakes of rat skeletal muscle at rest and during stimulation were not significantly affected by alkalosis (Fig. 2) . The rate of O2 uptake was stable during the final 15 min of rest perfusion and throughout the 5 min of stimulation in all conditions. Hindlimb La-release at rest was initially similar in the three conditions, but in the final 4 min of rest, perfusion La-release increased (NS) in the alkalotic conditions (Fig. 3) . Stimulation resulted in marked increases in La-release in all conditions, with peak values occurring between the 3rd and 4th min of stimulation. Lactate release from the working muscles in the alkalotic conditions was significantly greater than C after the 1st min of stimulation. Lactate release in MALK was greater than in RALK, but the difference was not significant (Fig. 3) .
Hindlimb glucose uptake was minimal both at rest and during electrical stimulation in all conditions. During 5 min of stimulation, total glucose uptake by the hindquarter was 2.6,3.9, and 6.0 pmol in the C, MALK, and RALK groups, respectively.
Samples of nonworking muscle were taken following 20 min of perfusion in each condition to examine the effects of perfusion in the resting state . In all cases, no significant differences were observed in the intramuscular concentrations of glycogen, La-, CP, and ATP in the hindlimb muscles: representative data from the PL muscle are shown in Table 2 . For this reason muscles sampled following stimulation were compared with preperfusion samples taken from the contralateral leg.
Stimulation for 5 min resulted in large decreases in glycogen content and increases in La-concentration in the PL and WG muscles (Fig. 4) . The alkalotic conditions were associated with decreased La-accumulation in the WG and PL muscles, this being significantly different from control conditions in the PL. Glycogen and Laconcentrations in the SOL muscle were not affected by alkalosis (Fig. 4) .
No significant differences were observed in intramuscular concentrations of ATP and CP between conditions (Fig. 5) . Following stimulation, concentrations of CP and ATP fell by 60-80% and 25-40%, respectively, in both the PL and WG, whereas in SOL, CP decreased by 20-50% and ATP remained unchanged. Alkalosis did not alter the utilization of muscle CP and ATP stores in any muscle.
DISCUSSION
During heavy exercise, muscle minimizes the intracellular accumulation of free H+ through intracellular buffering and ion movements between muscle cells and extracellular fluid. Enhancement of these processes may delay the development of severe muscular acidosis and prolong performance. Also, an elevated intracellular pH prior to the onset of exercise may permit a greater initial rate of anaerobic glycolysis as suggested by studies of in vitro muscle preparations (8, 24) . The present study showed that extracellular alkalosis had no effect on skeletal muscle performance and glycolysis but increased the rate of La-efflux from muscle to the extracellular fluids.
In the present study it is likely that intracellular pH (pHi) and bicarbonate concentration were increased prior to stimulation. Skeletal muscle pHi has been shown to Values are means & SE in pmol/g dry wt for preperfusion (PP) and post-20 min of rest perfusion in control (C), metabolic alkalosis (MALK), and respiratory alkalosis (RALK) conditions. PP, n = 18; C, n = 7; MALK, n = 6; RALK, n = 5. increase by 0.07 pH unit for each 0.10 pH unit increase in extracellular pH during perfusion with alkalotic media (4,9). The similar rates of glycolysis and of La-production under these experimental conditions support in vitro work showing that key regulatory enzymes are less susceptible to activation by decreased intracellular [H+] than to inhibition by increased [H+] (7,8, 24) . However, it is possible that glycolysis was maximally activated by stimulation under control conditions (C) and could not be increased further by alkalosis (MALK and RALK). Coincident with the lack of effect on force production during 5 min of stimulation, 02 uptake and metabolic fuel utilization were found to be similar in all three conditions, with 25% of the total energy production being accounted for by anaerobic glycolysis (Table 3) . Steinhagen et al. (21) also reported that MALK had no effect on force production during 12 min of intense isotonic exercise in blood-perfused dog gastrocnemius muscle. Several studies of humans exercising maximally for <2 min have also shown that alkalosis has a minimal effect on maximum power output and endurance (12, 13, 17, 18, 25).
Acidosis impaired exercise performance in this preparation (20); thus it might be expected that alkalosis would improve it. The fact that it did not may have been due to a lack of effect on rate-limiting enzymes or to non- metabolic factors. At the high stimulation rates used in the studies, failure of force generation may have been due to maximal recruitment of motor units or maximal transmission of action potentials. If the mechanisms involved in excitation-contraction coupling were maximally activated, a change in acid-base status would not be expected to improve performance.
There is agreement that alkalosis has little effect on maximal power output and that alkalosis is associated with an increased rate of appearance of La-in plasma. However, there is controversy as to whether the increase in plasma [La-] is due to an increase in the rate of glycolysis or to an increase in the rate of La-release from muscle. Previous studies of induced extracellular alkalosis in humans also reported an increase in the appearance of plasma La-during exercise (12, 18) , but intramuscular [La-] was not measured. In the present study [La-] in venous perfusate was also greater during exercise in the alkalotic conditions, but muscle La-accumulation was lower (Table 4) , and the total La-production was similar in all conditions (Table 5 ). Glycogen utilization was also similar, indicating that -90% was metabolized anaerobically in each condition. This suggests that alkalosis has little effect on glycolytic rate during exercise conditions where glycolysis is maximally or near maximally stimulated and that the increase in plasma [La-] during alkalosis is due to an increased rate of La-release from muscle. However, two qualifying points need to be made. First, extrapolation from this preparation to human studies is complicated by the onepass perfusion system, which may enhance the release of ions from working muscles due to the unchanging pH and low [La-] of the arterial perfusate. Consequently, intracellular acidosis during stimulation may not. be responsible for fatigue in the C condition, and an improvement in the acid-base status has no effect. Second, there is evidence that the rates of glycogenolysis and glycolysis are not constant during 5 min of stimulation in this preparation (5). This raises the possibility that differences between conditions might have been found if muscle measurements had been made at more frequent time intervals.
In some exercise situations, alkalinization of the body fluids may protect against exercise-induced acidosis. In a recent study Costill et al. (6) examined the .effects of alkalosis on repeated bouts of maximal exercise and reported that endurance was enhanced during the fifth work bout performed to exhaustion when muscle pH prior to the bout was higher than during the control. Also, during exercise at 95% of maximal O2 uptake, endurance capacity is increased by bicarbonate ingestion (11, 23). The beneficial effects of alkalosis in this situation may be explained partly by effects on aerobic path- (25.1) (7.4) C, control (n = 11); MALK, metabolic alkalosis (n = 12); RALK, respiratory alkalosis (n = 9). Values are per working hindquarter and calculated from group means of O2 utilization, creatine phosphate (CP) utilization, and lactate production. Bracketed values are percent of total energy released in each condition. Calculations based on 1.0 ml 02 = 20.9 joules, 1.0 mg lactate = 1.0 joules, and 1.0 pmol CP = 0.05 joules as outlined by Margaria (16) . Assumptions: calculations based on O2 and CP utilized and lactate produced above resting values, O2 uptake reaches maximal value instantly, plantaris muscle represents nonsampled working muscle, nonworking muscle involvement constant throughout stimulation, efficiency of energy releasing pathways unchanged by alkalosis, lactate metabolized was minimal due to one-pass perfusion system. Also, alternate fates of glucose such as expansion of intracellular hexosephosphate and glucose pools and alanine production were not assessed and assumed-to be minor. Values are per working hindquarter and calculated from group means. Bracketed values are percent of total lactate produced in each condition. Assumptions: plantaris muscle represents nonsampled working muscle, nonworking muscle involvement constant throughout stimulation; lactate metabolized was minimal due to one-pass perfusion system. Definitions as in Table 3 . Values are per working hindquarter and calculated from group means. Bracketed values are percent of total glucose provided or metabolized in each condition. Definitions and assumptions as in Table  3 ; also all glucose not metabolized to lactate was assumed to be used aerobically.
ways, such as increased free fatty acid oxidation (11).
The data in the present study support previous work suggesting that alkalosis increases the rate of La-release from muscle (15, 18) , this effect being most marked in highly glycolytic muscles despite the lack of effect on performance.
Reductions in glycogen concentrations were similar in the three conditions, but alkalosis was associated with less accumulation of La-, and total Larelease was increased (Table 4) . In a study of imposed acidosis (20) the opposite effect was seen, with a greater reduction in La-release being found in metabolic acidosis (MA) than in respiratory acidosis (RA). In the present study La-release increased from 38% of total La-production in C to 48% in RALK and 55% in MALK (Table 4) . Other studies (13) (14) (15) (22) . Thus the mechanisms involved in La-release may be related to changes in membrane electrical potential or to a charge effect on a carrier-mediated transport process. The movement of La-out of muscle may be explained by electroneutral diffusion of La-across the cell membrane, secondary to ion-induced changes in membrane potential, associated with anion exchange of HCO; or chloride-for La-.
The apparent release of La-and H+ may not occur in stoichiometrically equivalent amounts so long as electroneutral exchanges of strong ions continue (22) ; recently we have observed that in alkalotic conditions the appearance of H+ in venous perfusate exceeds La-release by a factor of 4.5 during 5 min of stimulation in the rat hindlimb (unpublished observations). Similar dissociation of La-and H+ release has been reported in other isolated muscle preparations (2) . Thus alkalosis may be associated with different effects on La-and H+ release, particularly with the present preparation in which arterial pH, La-, and strong ions are kept constant. Intramuscular accumulation of La-in the C condition was 15-20% greater than in alkalotic conditions, suggesting that muscle La-accumulation was not a major factor contributing to fatigue during alkalosis, since the rate of tension decline was identical in the three conditions. Thus, although La-release is stimulated in alkalosis (present study) and inhibited in acidosis (14, 20) , control of intramuscular [H+] may be less influenced by external acid-base alterations than La-. We do not know whether intracellular H+ accumulation was similar in the control and alkalotic conditions; however, non-CO2 determinants of intramuscular [H+] , primarily changes in intramuscular strong ions (22) , may have profound effects on muscle metabolism and performance. Clearly, measurements of intracellular [H+] and of strong ion concentrations in intra-and extracellular fluids would help to clarify these mechanisms.
